Ionospheric TEC (total electron content) time series are derived from GPS measurements at 13 stations around the epicenter of the 2008 Wenchuan earthquake. Defining anomaly bounds for a sliding window by quartile and 2-standard deviation of TEC values, this paper analyzed the characteristics of ionospheric changes before and after the destructive event.
Introduction
Ionospheric disturbance related to earthquakes was first found in 1960s (Barnes and Leonard, 1965) . Researchers mostly analyze such ionosphere parameters, as critical frequency, peak electron density of F 2 layer, and total electronic content, in an effort to derive possible precursors before large earthquakes (Datchenko et al, 1972; Liu et al, 2000a Liu et al, , 2001b Liu et al, , 2004 Liu et al, , 2006 . Pulinets (1998) proposed that satellites could be employed to capture ionospheric anomalies for short-term and impendingearthquake prediction. Electro-magnetic disturbances related to earthquakes are not only confined to Earth lithosphere, but also appear within atmosphere, magnetosphere due to lithosphere-atmosphere-ionosphere coupling (Cai et al, 2007) . Nowadays extensive studies of earthquake ionospheric precursors are being carried out in more than twenty countries. With more and more GPS stations established worldwide, researchers are concentrating on monitoring ionospheric changes using GPS TEC (total electron content). Researches on the methods of ionospheric anomaly identification (Pulinets and Boyarchuk, 2004; Dautermann et al, 2007) and feasibility verification of seismic ionospheric precursors (Du et al, 1998) have been continually undergoing.
Previous statistical analyses on ionospheric changes prior to some earthquakes show that obvious abnormal TEC disturbances occur over epicenters and their vicinities several days before the occurrence of earthquakes. Ionospheric TECs decrease significantly, and anomaly crest moves toward the equator (Liu et al, 2000b (Liu et al, , 2001a (Liu et al, , 2009 Wu et al, 2005; Zhang et al, 2007) .
A M S 8.0 earthquake happened in Wenchuan county, Sichuan province, China at 14:28:04.0 (Beijing time) on May 12, 2008, with a focal depth of 14 km. After the main shock, 191 aftershocks occurred within one month, among which four aftershocks are larger than M S 6.0. Using partial GPS data from the Crustal Movement Observation Network of China (CMONOC) and IGS iono-spheric TECs, Lin et al (2009 ), Ma et al (2008 , Zhao et al (2008b) and Zhu et al (2009) reported that the ionospheric abnormal disturbances occurred over the seismogenic zone during one week before and after the earthquake. Moreover, the abnormality pattern has a conjugate structure, showing a tendency of drifting to magnetic equator ). Research on TEC derived from 58 GPS receivers around China and global ionosphere map (GIM) shows that the abnormal enhancement before the Wenchuan earthquake is most possibly a seismo-ionospheric signature (Zhao et al, 2008a) .
However, because of the limited number of GPS stations used by previous researches, and stations far from the epicenter, more analyses on TEC changes are highly necessary. In this paper, we have derived TEC time series from much more GPS stations, including station LUZH, closest to the epicenter of main shock out of all the stations of CMONOC, and all the twelve stations of Sichuan continuous GPS network (SCGN), established and operated by Earthquake Administration of Sichuan Province. The characteristics of ionospheric TEC disturbances are further analyzed and the probabilities of TEC anomalies are quantitatively computed by using Neyman-Pearson signal detection method.
GPS data and TEC computation
Many factors can give rise to ionospheric disturbances, such as solar activity and magnetic disturbance. In order to derive ionospheric disturbances and study relationship between ionospheric disturbances and seismic activities, we refer to the following principles to analyze TEC changes. First of all, the impact of solar activity or magnetic storm should be ruled out. Secondly, selected stations should be within the scope of earthquake preparation area. Finally, stations need to have certain relativity in spatial distribution (Dautermann et al, 2007) . Dobrovolsky et al (1979) pointed out that various magnitudes of earthquakes have corresponding preparation area sizes and the relationship ρ = 10 0.43M holds, where ρ and M denote radius of preparation area and magnitude, respectively. Then we can derive a radius of 2 754 km for the Wenchuan earthquake. Six stations, LUZH, LHAS, DLHA, XIAG, XNIN, XIAA and KMIN, belonging to CMONOC, are located in the seismogenic zone. However, only the station LUZH are taken into consideration in the research, considering that LHAS, DLHA, XIAG, XNIN, XIAA and KMIN are relatively far from the epicenter and no other station lies in between these stations and the epicenters to verify TEC variations. Moreover, GPS data recorded at the twelve stations of the SCGN network are used in this research (see Table 1 and Figure 1 ). Ionospheric TEC can be computed on the basis of refraction effect while electromagnetic wave propagates through ionosphere. A thin-shell model is usually employed to represent the Earth's ionosphere, under assumption that TEC are concentrated at a thin-shell at fixed height (H) in a range of 350-400 km. The oblique TEC, the integral of the electron density over a line of sight from a ground receiver to a satellite on the signal propagation path, can be calculated and then be converted to vertical TEC (VTEC), which is the projection of oblique TEC on the thin-shell, using an elevation mapping function (Dautermann et al, 2007) .
Here we set H as 350 km and process GPS data from May 1 to June 30, 2008, of the above 13 stations, and then obtain TEC time series.
Analysis of ionospheric TEC disturbances
Envelope method in statistics is mostly used to identify the significance of disturbances. The upper and lower bounds of TEC variations can be determined at different confidence levels.
Firstly, we compute the median of TEC values preceding and following ten days of each specified TEC and the associated inter-quartile range R IQ , to construct upper bound x +R IQ and lower bound x −R IQ . The median for a sliding window, which is 20 days long, is assumed as background TEC. Under the assumption of normal distribution with mean μ and standard deviation of TECs, the expected value of x and R IQ are μ and 1.34σ, respectively (Liu et al, 2004) . If an observed TEC falls out of either the associated lower or upper bounds, it is declared at confidence level of about 82% that a lower or upper abnormal signal is detected. In order to show ionospheric disturbance more clearly, we take difference to observed TEC and associated background values. Difference values are denoted by D TEC here. When a TEC value is not beyond the upper or the lower bounds, or data missing, its TEC difference value is fixed as zero. Figure 3a shows the time series of D TEC , with quartiles as abnormal bounds.
TEC difference values which are greater than zero mean that they are beyond the upper bound. In order to determine how significant the TEC disturbances are, we compute their standard deviations, and establish a new upper bound x +2σ, and a lower bound x −2σ. Here x is the median of TEC values of preceding and following ten days, σ the standard deviation of a sliding window. Statistically, if a TEC value is beyond either the upper or lower bounds, we declare, at confidence level of 95% , that a upper or lower abnormal signal is detected. We take the difference to TEC values and result is represented by D TEC . Meanwhile the associated upper or lower bounds are calculated. Figure 3b shows resultant time series of TEC difference. It can be seen that the TEC values of all the stations are beyond upper bounds on May 3, 4, 9, 21 and 28, implying that positive anomaly disturbances occurred in these days, and the largest disturbances, more than 5 TECU, appeared on May 3 and May 9. Comparing Figure 3a with Figure 3b , we can see obviously that more abnormalities can be detected at a confidence level of 82%. But by 2-standard deviation, smaller TEC disturbances are not any longer beyond upper and lower bound as a result of increased confidence level. Negative anomalies detected by quartile method are not significant any longer. But larger positive TEC disturbance are still beyond upper bounds. The disturbances on May 3 and May 9 are still significant at 95% confidence level.
Are these disturbances associated with the M S 8.0 Wenchuan earthquake? As mentioned above, other factors, such as solar activity, can also cause ionosphere TEC variation. Therefore, it is highly necessary to analyze such indices as indicator of solar activity and geomagnetic disturbance. However, on May 9 geomagnetic environment was quiet, with K p less than 2. K p is greater than 3 during May 21−23 and May 28−30, implying that geomagnetic disturbance activities occurred in the two short periods. Solar and geomagnetic activities are relatively low five days before and after May 12, and ten days prior to the M S 6.0 aftershock on May 18, therefore it can be concluded that the ionospheric disturbances during the two periods did not contribute to space factors. However, a few days before and after May 25, ionosphere is very likely to be affected by solar and geomagnetic disturbance activities, as indicated by K p >3 and D st near −30 nT during the two periods. Taking the above three indices into consideration, TEC disturbances on May 3, 4, 21 and 28 can be attributed to solar activity and geomagnetic disturbance. However, the TEC reduction on May 7 and May 8, and the TEC enhancement on May 9 are possibly related to the preparation process of the M S 8.0 Wenchuan earthquake, when it is considered that all selected GPS stations here are close to the epicenter of the main shock.
Before the M S 6.0 aftershock of May 18, negative anomalies occurred at the stations CHDU, RENS, YBIN, ZHJI, MYAN and PIXI on May 17, but they last very short period. TECs derived from other adjacent stations exhibit no anomalies. Therefore it can not be determined whether these negative anomalies are related to the Wenchuan earthquake or not.
Probability of TEC anomaly

Principle of signal detection
Various kinds of earthquake observation data are assumed to be in accord with Gaussian distribution (Zhang et al, 2001 ). Probability density for a time series without anomalies is supposed as P 0 (x), and hence as H 0 assumption, i.e., null hypothesis. Probability density distribution for a time series with anomalies is assumed as P 1 (x), and defined as H 1 assumption, i.e., alternative hypothesis. Identifying anomalies means to make a choice between a null and an alternative hypothesis (He, 1990; Kay, 1998) . Figure 5 schematically shows the method to calculate the probability of an anomalous TEC time signal, where T is detection threshold. If hypothesis H 0 is true, the false alert probability of hypothesis H 1 is P 0 . The probability of hypothesis H 1 is represented by P d . A greater P d value means a larger probability for detected abnormal signal. The more the value B deviates from the A value, the greater P d will be, implying that the probability of detecting the value B is greater. When detection threshold T becomes less, the probability of detecting the value B will be greater. If H 0 hypothesis is true, the false probability P 0 is large. P 0 , P d can be expressed respectively as follows:
If the probability of H i , when H j is true, is assumed as P(H i ; H j ), then the reduction of the first type error probability is on the cost of increase of the second type error. In order to design a best signal detector, P(H 0 ; H 1 ) should be made smaller, or alternatively 1−P(H 0 ; H 1 ), which equals to P(H 1 ; H 1 ), much bigger. The detection probability P(H 1 ; H 1 ) is a useful indicator in quantifying anomalies (Kay, 1998) . 
Probabilities of TEC anomalies
In order to further quantify the statistics associated with the detection of a signal, we apply the NeymanPearson (N-P) test of signal detection to TEC time series.
Firstly a stacking procedure is employed to average over 13 TEC time series, obtaining a "virtual TEC time series" (Figure 6 ). Then we subtract the time series from the TEC time series at each individual station to derive residual TEC time series, and define "signal" as the residual TEC for each day and "noise" as the residual TEC for all of the preceding and following ten days. Assuming a Gaussian distribution for both the noise and the signal, we compute their mean μ s and μ n over defined time interval. Their associated standard deviation σ s and σ n are also calculated meanwhile. The probability of false alarm P fa is related to the detection threshold T through (Kay, 1998; Dautermann et al, 2007) :
Using the complementary error function, the threshold T can be calculated iteratively. The probability of detection P d can be derived by We choose a probability of P fa =0.01, indicating the probability of false alert is 1%. The probability of the abnormal TEC of all 13 stations in May 2008 can be derived from formula (4). Results are shown by Figure 7 , in which the abscissa represents time, and vertical axis denotes P d value, ranging from 0 to 1. The P d value of detection probability is like an indicator: the greater a P d value is, the higher the possibility of an abnormal TEC is. Because data recording of the overall 13 stations were frequently interrupted after the main shock, due to power failure or instrumental errors, derived TEC values of these days are not continuous. Since N-P test requires that time series must be continuous, we can only calculate P d values prior to the main shock.
As can be seen in Figure The abscissa here represents time, and vertical axis denotes mean values of signal and noise. It can be seen that, though the mean values of signal on May 9 are a little larger than noise, the mean values of noise are significantly higher than signal on May 3, 4 and 5. Therefore lower P d values on May 3 could be attributed to signal contamination by large noise, due to solar activity and a weak geomagnetic storm occurring in this period.
Conclusions
TEC time series are derived from GPS phase data of 13 continuous stations. We have identified ionospheric disturbances by statistical analysis, constructing lower and upper bounds with quartile and 2-standard deviation, respectively. Results show that some ionospheric TEC disturbances appeared a few days before the main shock and two aftershocks of the Wenchuan earthquake. The number of positive abnormal disturbances is larger than negative ones. TECs exhibit anomalous enhancement on May 3, 4, 9 and 21. Neyman-Pearson test demonstrates that the probabilities of TEC abnormalities on May 8 and May 9 are relatively higher than those of other days, with the largest up to 50.74%. Referred to space factors, the unusually elevated TECs on May 3 and May 4 are possibly caused by solar and geomagnetic disturbance activity. Nevertheless, TEC enhancement on May 9 may be a precursor of the Wenchuan earthquake. After main shock, negative anomalies appeared at the stations CHDU, RENS, YBIN, ZHJI, MYAN and PIXI on May 17, but positive disturbances occurred on May 21, four days before the M S 6.4 aftershock of May 25. Taking space solar factors into account, we assume that the positive anomalies on May 21 are possibly caused by geomagnetic disturbance. However, before the M S 6.0 aftershock of May 18, TEC anomalies last very short period. It is difficult to determine whether these anomalies are related to the aftershock.
GIM (global ionosphere map) shows that abnormal TEC enhancement appeared on May 3 and May 9 around the Wenchuan area before the M S 8.0 earthquake. TEC anomalies on May 3 are supposed to be caused by a geomagnetic storm (Zhao et al, 2008a ). Here we have analyzed the TECs derived from GPS data of Sichuan GPS network and the station LUZH of CMONOC, which are close to epicenter of main shock and aftershocks of the 2008 Wenchuan earthquake. The GPS observations of these stations are not analyzed by previous researches. In this sense, this research improves the pattern of ionospheric changes related to the strong earthquake. We have identified TEC enhancements on May 3 and May 9, reconfirming the previous researches. At the same time, we quantitatively estimate the probabilities of abnormal TECs, which are more objective in defining ionospheric variation. We find that the probabilities of TEC enhancement on May 3 are not significant. However, the TEC anomalies on May 9 are of higher probability.
Three statistical methods are applied here to analyze ionospheric TEC time series of 13 selected stations. It is quite clear that TEC anomalies display different characteristics, both in number and in amplitude at various confidence levels. Therefore it is crucial to find objective criteria in deriving ionospheric TEC abnormalities. Since GPS measurement is characterized by high precision, quasi-real time and high resolution in monitoring ionospheric TEC variations, it has great potential in probing into relationship between ionosphere abnormity and earthquake.
